Mild hypothermia directly impairs numerous immune functions in vituo. However, the in viva effects of mild hypothermia on neutrophil phagocytosis and oxidative killing remain unknown. We tested the hypothesis that mild intraoperative hypothermia decreases neutrophil phagocytic capacity and generation of reactive oxygen intermediates (a measure of oxidative killing). Additionally, we evaluated the effects of in vitro temperature manipulations on each function. Thermal management was randomly assigned in 10 surgical patients, causing intraoperative core temperatures to range from 33 to 37°C. Production of reactive oxygen intermediates and neutrophil phagocytosis were evaluated using flow cytometry at ambient temperature.
Phagocytic capacity was assessed by uptake of fluorescein isothiocyanatelabeled Esckerickia coli. Reactive oxygen production was estimated by the intracellular conversion of dihydrorhodamine 123 to rhodamine 123. Blood samples were obtained preoperatively, 1 h after surgery started, and 2 h postoperatively. Blood was also obtained from 10 matched control subjects and tested at 32, 37, and 40°C. Neutrophil oxidative and phagocytic capacities were significantly reduced intraoperatively, compared with preoperative and postoperative values. Intraoperative production of reactive oxygen species was linearly related to core temperature. In contrast, there was no correlation between core temperature and phagocytic activity. In vitro production of reactive oxygen intermediates increased sixfold from 32 to 40°C. In vitro phagocytic capacity increased fourfold in this temperature range. Production of oxidative intermediates was most closely related to intraoperative core temperature, decreasing nearly fourfold over a 4°C range. This in vivo temperature dependence was matched in vitro. Impaired neutrophil oxidative killing may contribute to the observed hypothermia-induced reduction in resistance to infection. (Anesth Analg 1996; 82:810-6) W ound infections are among the most common serious complications of anesthesia and surgery (1). Infections most often result from contamination at the time of surgery and are established during a "decisive period" lasting approximately three hours after introduction of bacteria into wounds (2). During this period, the wound is most susceptible to decreased blood flow (2) and interventions such as prophylactic antibiotics are most effective (3). 1996;82:810-6 Factors influencing development of wound infections include the following: 1) character and magnitude of contamination; 2) effects of homeostasis, foreign bodies, damaged tissues, etc. on the local milieu; 3) wound perfusion, which delivers immune and nutritional components; 4) antibiotic administration; and 5) host defense systems. Nonspecific immunity is the major host defense against acute bacterial contamination with the most common surgical pathogens (4). Nonspecific immune responses include opsonization of bacteria, granulocyte demargination, diapedesis, and phagocytosis, but perhaps the most important host defense is oxidative bacterial killing by neutrophils (5).
Oxidative killing requires molecular oxygen that is enzymatically transformed into the bactericidal radical superoxide. This radical is, in turn, reduced to hydrogen peroxide and subsequently reduced to oxygen. During this cycle, several bactericidal oxygen radicals and nitroso-radicals are generated, including hypohalites, hydroxyl ion, active aldehydes, and lipid peroxides (6). 
Methods
With approval of the Institutional Review Board at the University of Vienna, and written, informed consent, we studied 10 patients (four female, six male) having a primary diagnosis of colorectal cancer; they were aged 53 + 7 yr (mean + SD). Criteria for inclusion were intention of curative tumor resection and the absence of concurrent infections or severe morbidity. All were ASA physical status II or III.
To determine the in vitro effects of temperature changes, we also evaluated 10 normal control subjects who were matched to the patients' age and sex. Four were female and six were male; they were aged 54 ? 6 yr. None suffered from chronic or intercurrent illness, and they had received no medications. Finally, in six additional similar control subjects, we confirmed that reactive oxygen intermediates and phagocytosis remained stable in blood maintained at ambient temperature for up to 6 h.
Clinical Protocol
None of the patients took steroids, cytokines, or other immune modulating substances such as cancer chemotherapy.
Without any premeditation, surgical anesthesia was induced with fentanyl (4 pg/kg) and sodium thiopental(4-6 mg/kg). Intubation of the trachea was facilitated by administration of vecuronium bromide (0.1 mg/kg). Mechanical ventilation was adjusted to maintain end-tidal Pco, near 35 mm Hg. Anesthesia was maintained with 70% nitrous oxide and isoflurane at an end-tidal concentration of 0.4%-0.8%.
Six patients were allowed to become hypothermic (no active cutaneous or fluid warming).
The remaining four patients were given heated intravenous solutions and warmed with forced air. These treatments produced a nearly 4°C range of core temperatures after 1 h of anesthesia. Core temperature was measured at the tympanic membrane.
The aural probes were inserted preoperatively by the patients until they felt the thermocouple touch the tympanic membrane. The probe was then securely taped in place, and the aural canal occluded with cotton.
Arterial blood samples for analysis of reactive oxygen species and neutrophil phagocytosis were obtained immediately before surgery (preoperative), 1 h after the start of surgery (intraoperative), and 2 h postoperatively.
In each case, 10 mL of blood was stored at ambient temperature for up to 4 h in tubes containing sodium heparin. Storage time was comparable in the patient and control samples, and did not exceed 4 h.
Each sample was also analyzed by the clinical laboratory for serum concentrations of acute-phase reactants: C-reactive protein, fibronectin, cY,-antitrypsin, and fibrinogen. Total leukocyte counts and the proportion of band forms were determined from the preoperative sample. A single blood sample was also obtained from each control subject and analyzed for reactive oxygen species and neutrophil phagocytosis.
Phagocytosis
Heat-killed Escherichia coli (ATCC 25922; American Type Culture Collection, Rockville, MD) was labeled with fluorescein isothiocyanate (FITC) (Sigma Chemicals, Munich, Germany) (11). Briefly, 1 mL of 0.1 M carbonate buffer, pH 9.6, containing 5 X lo6 bacteria per milliliter and 3 pg FITC were incubated at 37°C for 30 min. The fluoresceinated bacteria were washed twice in cold Hanks' balanced salt solution (Biochrom KG, Berlin, Germany) and resuspended in 50% pooled human sera to a concentration of 10' organisms per milliliter. The bacteria were stored at -20°C in aliquots until analysis.
Precooled, FITC-labeled E. coli (10 PL) was added to 100 PL of heparinized whole blood and incubated for 10 min at 37°C in a shaking water bath. The control samples were kept at 0°C. Afterwards, 100 PL of precooled quenching solution (Orpegen, Heidelberg, Germany) was added, and all samples were washed twice in phosphate-buffered saline (PBS, pH 7.4) at 4°C. The purpose of the quenching solution is to separate adherent from ingested bacteria; it extinguishes fluorescence of noningested (adherent) bacteria. Finally, 50% Reactive Oxygen Intermediates Dihydrorhodamine 123 (DHR) (Molecular Probes, Inc., Eugene, OR) was dissolved in N,N,dimethyl formamide (Sigma Chemicals) at a concentration of 3 pg/mL.
Heparinized blood samples (100 PL) were stimulated with 25 PL of heat-killed E. coli (lo8 organisms/ml, unlabeled) for 10 min at 37°C. Twenty-five microliters of the DHR solution was added and incubated for additional 10 min. DHR does not fluoresce at 488 nm, but is converted to rhodamine 123, which generates fluorescent light when excited by 488 nm radiation in the presence of reactive oxygen intermediates (13). Then, 2 mL of FACS-lysing solution was added. After incubation for 20 min at room temperature, samples were washed with PBS and resuspended in 100 PL of PBS containing propidium iodide at a final concentration of 50 pg/mL for DNA staining and kept on ice until analysis (14).
The effect of temperature on polymorphonuclear leukocyte function was assessed by incubating blood samples from the control subjects at 32,37, and 40°C. All analyses were performed in duplicate in room air. Time stability was assessed by evaluating reactive oxygen intermediate concentrations and phagocytosis in sampled blood maintained at ambient temperature for 0.5, 1, 2, 4, and 6 h.
Flow Cytometry
The cells were analyzed within 30 min of propidium iodide addition, using a FACScan flow cytometer (Becton Dickinson). For each measurement, lo4 events were collected. Green fluorescence was obtained through a 530-nm band-pass filter. Red fluorescence was collected through a 575-nm band-pass filter. Fluorescence values were compensated to correct any cross-over between DHR fluorescence and propidium iodide fluorescence and between FITC fluorescence and propidium iodide fluorescence.
Reactive oxygen intermediate production was evaluated as in previous investigations (13). Polymorphonuclear leukocytes were separated by evaluating forward scatter (which is proportional to cell size) and side scatter (which is proportional to cell granularity) (15). To exclude cell debris and nonphagocytized bacteria, only leukocytes incorporating propidium iodide nuclear staining were considered. DNA content was similarly used to exclude aggregated cells.
For analysis of the reactive oxygen intermediate production, the mean green fluorescence intensity was determined using the statistical option of the FACScan software. The amount of phagocytized bacteria was similarly assessed using mean FITC fluorescence. The mean fluorescence channels of both assays were compared with both unstimulated and 0°C controls. The instrument was aligned and calibrated daily using fluorescence beads (Calibrite@; Becton Dickinson).
Removal of blood from patients and storage at ambient temperature quenches neutrophil function, preserving the effects of the in vivo environment on phagocytosis and oxidative potential. Subsequent processing and stimulation temperature for these samples was carefully controlled and comparable in all cases. Thus, phagocytosis and production of reactive oxygen intermediates reflected the in vivo potential of the cells to activate each function at the time blood was sampled. In contrast, stimulation temperature was varied during the in vitro studies, while all other aspects of the process were kept constant.
Statistical Analysis
Production of reactive oxygen intermediates and phagocytic capacity in polymorphonuclear leukocytes before, during, and after colon surgery were compared using repeated-measures analysis of variance and Dunnett's test for comparison to preoperative values. The in vitro effects of temperature were similarly tested, with intragroup comparison to 37°C.
The independent fractional contributions of core temperature and serum concentrations of cortisol and acute-phase reactants to phagocytic capacity and intraoperative reactive oxygen intermediates were evaluated using multiple regression with serial elimination of nonsignificant factors. A P value of 0.25 was required to enter the regression, whereas a probability of 0.1 was considered sufficient to discard a factor. Those factors contributing significantly were also evaluated using least-squares linear regression. Results are presented as mean + SD; P < 0.01 identified statistically significant differences.
Results
Surgery and anesthesia significantly reduced the mean values for generation of reactive oxygen species and neutrophil phagocytosis to 56% and 72% of preoperative values, respectively. However, both functions had returned to control values 2 h postoperatively (Fig. 1) was linearly related to core temperature ("C) in patients undergoing colorectal surgery: reactive oxygen = 127(T,-,,,) -4000, 2 = 0.88 (Fig. 2) .
Serum cortisol increased during surgery, and increased further postoperatively. Serum c-u,-antitrypsin concentration increased significantly postoperatively, although the magnitude of the increase was not clinically important. In contrast, there were no statistically significant changes in the concentrations of acute-phase reactants (Table 1) . Stepwise linear regression indicated that only core temperature contributed significantly to production of reactive oxygen intermediates. In contrast, neither core temperature nor serum concentrations of cortisol and acute-phase reactants contributed significantly to neutrophil phagocytosis (Table 2 ). There was thus no relationship between neutrophil phagocytosis or reactive oxygen intermediate production and serum concentrations of acute-phase reactants or plasma cortisol concentrations. There also was no correlation between end-tidal isoflurane concentration and reactive oxygen intermediates or phagocytosis.
Preoperative blood leukocyte concentrations averaged 7.4 +-1.2 X lo3 cells/mm3, with 67% + 5.6% neutrophils (4.6% ? 1.8% band forms). However, there was no relationship between either value and production of reactive oxygen intermediates or the phagocytic capacity of polymorphonuclear leukocytes.
At O"C, reactive oxygen intermediate production in neutrophils removed from normothermic control subjects was 31 + 5 mean fluorescence units and phagocytic capacity was 3 + 3 mean fluorescence units; both functions increased significantly at higher temperatures, reaching 700 + 150 and 1050 + 250 mean fluorescence units at 4O"C, respectively (Fig. 3) . Both reactive oxygen intermediates and phagocytic capacity of polymorphonuclear leukocytes remained virtually constant in blood maintained at ambient temperature for up to 6 h (Fig. 4) .
Discussion
As expected from previous investigations (16), both neutrophil phagocytosis and production of reactive oxidative intermediates were decreased by anesthesia and surgery. This result is consistent with numerous intraoperative factors known to inhibit immune function. Among the most important are anesthesia per se and adrenergic activation related to surgery (17).
Most anesthetic drugs impair immune function. Anesthesia in our patients was induced with sodium thiopental, which decreases T-lymphocyte proliferation and produces a dose-dependent inhibition of neutrophil superoxide production, phagocytic activity, and chemotaxis. Furthermore, anesthesia was maintained with nitrous oxide and isoflurane, both of which impair neutrophil function (18, 19) .
Production of reactive oxidative intermediates was, however, closely related to body temperature. The relationship was linear, varying nearly fourfold over a 4°C range of core temperatures. Our results are consistent with current in vitro results and previous similar studies, both of which also demonstrate substantial impairment of neutrophil function by mild hypothermia (5). However, this is the first demonstration that typical intraoperative hypothermia substantially inhibits production of reactive oxygen intermediates in viva. Neutrophil oxidative function is among The contributtons of care temperature and acute-phase reactants to neutrophil phagocytosis and production of reactive oxygen intermediates were evaluated using stepwise linear regression. Factors contrrbuting at a probability (P) i 0.1 were sequentially discarded from the analysts. Only cdre temperature contributed to production of reactive oxygen intermedrates. None of the factors, including core temperatures, were associated with neutrophil phagocytosis.
the most important defenses against bacteria that cause typical surgical wound infections. It is thus likely that this temperature-dependent reduction in immune function contributes to the reduced resistance to infection observed in animals (7).
Wound infections are established during a brief decisive period after tissue contamination. The effects of antibiotic administration and hypoperfusion are especially important during the decisive period. For example, antibiotics limit infection when given within three hours of bacterial inoculation but are subsequently ineffective (3). Similarly, wound hypoperfusion (achieved by epinephrine infiltration or "dehydration shock") aggravates test infections when induced up to two and one half hours after the inoculation but has no effect when induced later (2). Surgical wound infections are thus established intraoperatively at the time of tissue contamination, even though infections are detected postoperatively. Hypothermia-induced inhibition of in vim neutrophil oxidative potential lasted only as long as the hypothermia. However, impairment was most prominent precisely during the decisive period. A brief period of immune suppression induced by perioperative hypothermia is thus consistent with a clinically important reduction in resistance to surgical wound infections. Temperature-dependent inhibition of neutrophil function is unlikely to result from concomitant administration of anesthetics, because anesthetic management and end-tidal concentrations were similar in all patients. It also is unlikely to result from differences in surgical stress, since all patients were undergoing similar operations. Furthermore, thermal management was randomly assigned so patient temperature did not simply depend on the magnitude of surgery. Finally, we were unable to identify a relationship between circulating cortisol concentrations and neutrophi1 reactive oxidative intermediate production.
Our data are consistent with those of previous studies showing that anesthesia and surgery increase plasma cortisol concentrations (20 the observed inhibition of neutrophil phagocytic or oxidative activity. This observation, however, does not exclude an effect of sympathetic activation of neutrophi1 function, because mediators such as epinephrine and norepinephrine may contribute. In vitro neutrophil phagocytosis increased slightly from 32 to 37"C, but increased markedly when temperature was further increased to 40°C. These results are thus generally consistent with our inability to correlate phagocytosis with intraoperative core temperature over the range from 33 to 37°C and suggest that thermal perturbations have minimal effect on neutrophi1 phagocytosis.
A small amount of fentanyl was administered to these patients upon induction of anesthesia. However, anesthesia in all cases was maintained with comparable endtidal concentrations of nitrous oxide and isoflmane. Mild hypothermia alters solubility and potency of these drugs only slightly (e.g., 5%/Q. It is quite unlikely that such small differences in solubility would alter oxidative potential more than threefold. Furthermore, the control samples--which demonstrated similar temperature dependence-were never exposed to anesthesia. It is thus unlikely that the temperature-dependent inhibition of immune function we identify is confounded by anesthetic administration.
We evaluated the neutrophil respiratory burst with dihydrorhodamine 123 because it is more sensitive than other indices of reactive oxygen production such as the laser light-sensitive dye dichlorofluorescein (22). The signal detected by this method results from reduction of all available substrate including H,O,, H,O,-cytochrome c, and H202-Fe2+. In contrast, the nitroblue tetrazolium reduction and cytochrome c reduction assays only measure reduction of superoxide. Consequently, the DHR flow cytometric assay is considered by many to be the most sensitive technique available for quantifying changes in neutrophil oxidative potential under a variety of physiological and pathological conditions (23).
Hypothermia could impair neutrophil function directly or indirectly. Potential indirect mechanisms include reduced priming of neutrophils by endotoxin, acute-phase reactants, stress hormones, or cytokines (24). We did not specifically evaluate these mechanisms, although there was no correlation between plasma acute-phase reactant concentrations and neutrophil oxidative or phagocytic activity. Nonetheless, it remains likely that neutrophil oxidative and phagocytic potential is largely determined by the intravascular environment. Reactive oxygen intermediates and the phagocytic capacity of polymorphonuclear leukocytes were always tested within four hours in blood maintained at ambient temperature. Since neither function is altered by up to six hours of blood storage, this testing delay is unlikely to alter our results.
In summary, neutrophil oxidative and phagocytic capacities were significantly reduced intraoperatively. Production of oxidative intermediates was most closely related to intraoperative core temperature, decreasing nearly fourfold over a 4°C range. This in vivo temperature dependence was matched in vitro. Impaired neutrophil oxidative killing may contribute to the observed hypothermia-induced reduction in resistance to infection. 
